A "collect and collapse" model of triggered star formation is used to estimate the parameters of ring-like structure consisted of a sequence of low-mass clumps in the W40 region. The model parameters are close to the observed ones if the density of the cloud in which the HII zone is expanding is fairly high ( > ∼ 10 5 cm −3 ) and the luminosity of the driving source exceeds previous estimate. Probable reasons for the scatter of the observed parameters of the clumps are discussed.
INTRODUCTION
Early stages of the star formation process are far from fully understood in spite of increasing amount of observational data available. This is true, in particular, for regions of high-mass star formation which are more rare, more distant, and evolve more quickly than regions of low-mass star formation, spend considerable time of their evolution inside the parent cloud (e.g. [1] ). As massive stars evolve, they affect parent cloud through their stellar winds, massive outflows, strong UV-radiation, and expansion of their HII zones. These factors change the physical conditions and chemical composition of the cloud and the expanding of HII zones "sweep out" the gas towards the periphery causing compression and possibly trigger the formation of a new generation of stars.
The W40 region (Sharpless 64) [2, 3] contains large blister-type HII zone that lies at the edge of an extended molecular cloud (TGU 279-P7 [4] ) in the Aquila Rift complex. According to recent estimates the distance to the central sources of the HII zone is ∼ 500 pc [5] . This puts W40 among the nearest regions of high-mass star formation. The difference between CO and hydrogen recombination line velocities indicates that the HII zone lies at the front 2 edge of the cloud closer to the observer [6] . The HII region expands into molecular cloud to the west. Molecular gas is observed is observed at two different velocities which probably correspond to gas located behind and in front of the HII zone [7] . The W40 region was studied at various wavelengths from the radio to the X-ray (see the review [8] and [5, [9] [10] [11] [12] [13] ).
Continuum observations of dust emission [11, 12] have shown that the dust to the west of the HII zone is concentrated in clumps forming a ring. The morphology of ionized gas [12, 13] shows that there is another compact HII zone near the main one. The expansion of this zone could lead to formation of the ring-like structure due to the "collect and collapse" mechanism.
This model was proposed in [14] to describe the process of triggered high-mass star formation.
Although there are more than a few examples where this mechanism could be taking place (e.g. [15] [16] [17] [18] [19] ) there have been few quantitative comparisons between observational data and the model. This can be related to the fact that the model is fairly simple compared to real objects with inhomogeneous density structure. In the W40 region which is located much more closer than most of the HII zones where the collect and collapse mechanism could take place the observed ring-like structure is more distinct and compact and is much closer to the probable driving source of the HII region. We present here quantitative comparison of the physical parameters derived from observations with the model predictions in order to determine whether the collect and collapse model can predict parameters of the structure found in W40.
THE RING OF DUST CLUMPS
A 1.2 mm dust continuum emission map of W40 taken from [12] is given in the figure.
The dust is concentrated in a chain of clumps forming a ring. The data of [11] show that the western branch of the ring extends to the northeast, making the ring-like structure more distinct. Some of the clumps are associated with the Class 0 and Class I sources [11] , indicating that low-mass star formation has started in the ring. The Near-IR sources [5] and 3.6 cm compact VLA radio sources [9] are also shown in the figure (left panel).
Most of the radio and IR sources are grouped near the driving source of the main HII zone (IRS 1A South), which is located to the east of the ring and appears to be a massive O9.5 star [5, 13] . The IRS 5 infrared source, which is a B1 star and the probable source of the neighboring compact HII zone [12, 13] , is also marked in the figure. Since IRS 5 is located within the region bounded by the ring, but is shifted relative to its geometrical center, it is probable that the ring formed due to the expansion of the compact zone around this source.
The ring is apparently not oriented face-on, and its south-eastern part is closer to observer [12] .
The formation of the ring-like structure from a sequence of fragments (clumps) suggests the action of collect and collapse mechanism of triggered star formation [14] . This mechanism is treated analytically in [20] and the results of that paper have been confirmed by model calculations [21] . According to the collect and collapse mechanism when an HII region expands into molecular cloud, a layer of enhanced density forms between the shock front and the ionization front. Due to instability, the layer splits into uniformly spaced clumps, which can be the sites of formation of next generation of stars. Such ring-like structures usually consisting of massive fragments (M ∼ 10 − 100 M ⊙ ) are observed at the edges of some HII zones (e.g. [15, 16, 18] ). However, in the case of W40, the masses of clumps in the ring (0.4 − 8 M ⊙ [12] ) are considerably lower than is usually observed in such structures.
ANALYTICAL MODEL
The evolution of the layer formed while an HII zone expands into a medium consisted of neutral gas with uniform density is considered in [20] . Analytical expressions for the time at which fragmentation in the layer occurs (t f rag ), the layer radius (R f rag ) and column density of the layer (N f rag ) at this time, the mean mass of fragments (M f rag ) and initial separation between fragments (2r f rag ) have been derived. They depend on the sound speed in the medium (a), on the density of atomic gas (n), and on the luminosity of the central source of ionized radiation (L). The expressions of [20] are given below, where
49 photon/s, n 3 = n/10 3 cm −3 :
Note that, when the gas is in molecular form, the atomic gas density is twice of the molecular gas density [21] . We neglected this factor in our approximate estimates derived from (1)- (5).
It is clear from the above equations that, when the HII zone made by a star emitting 10 49 photons/s (main sequence O6 massive star [22] ) expands into a cold cloud with moderate
, a layer of fragments with masses ∼ 25 − 40 M ⊙ forms at a distance ∼ 6 pc after ∼ 1.6 Myr. The initial separation between centers of the fragments is ∼ 1 pc. Such fragments could become sites of formation of a new generation of stars, including massive ones. If an HII zone expands into a medium of higher density, the layer of enhanced density will form on shorter scales and closer to the star. This layer will split into fragments with lower sizes and masses.
The luminosity of IRS 5, the source that has probably formed the ring-like structure in W40, is ∼ 2.4 × 10 45 photons/s, which corresponds to a B1V star [13] . IRS 5 is classified as a B1 star in [5] . However, the luminosity could be appreciably underestimated, as well as the luminosity of the main HII zone (see the discussion in [13] ). We used two luminosities in calculations: one close to the estimate of [13] and the second an order of magnitude higher.
The results of comparing the model calculations data with the observed parameters are given in the following section.
COMPARISON OF THE MODEL AND THE OBSERVED CLUMP PARAMETERS
The dense core of the molecular cloud near the HII zone in W40 has a structure consisting of several components, including clumpy ring and gas which that has not condensed into clumps [12] . The western clumps 6-9 are associated with the N 2 H + and NH emission is apparently associated with regions of high density and not with enhanced column density of the gas. The spatial distributions of the different CO isotopic line intensities [23] correlate weakly with the ring structure, and may be tracers of a more diffuse envelope around the ring. The clumpy ring probably formed due to the expansion of the HII zone associated with IRS 5 into the parent dense cloud. In this case the gas emitting in the HCO + and HCN lines may represent material that has not experienced the expansion of the HII zone, since it is more distant from the source.
The Table presents parameters calculated from (1)- (5) for a 0.2 ≈ 1.15 (T KIN = 15 K, m = 2.33 m H ) and for two luminosities, one close to the estimate of [13] and the other an order of magnitude higher. The density of the surrounding medium for which the model estimates are more or less close to the observed parameters is given for each luminosity.
The kinetic temperature value was taken to be close to kinetic and/or dust temperature estimates for the western clumps [11, 12] . The eastern clumps 1-3 associated with Class I sources [11] have higher dust temperatures, and are influenced by the ionization front of the main HII zone, which probably changes their physical characteristics. The ranges of physical parameters obtained from the observations [12] are given in the table for comparison. The parameters of the eastern clumps 1-3 are excluded from consideration.
The size of the H II zone around IRS 5 has been approximately estimated in [13] as the diameter of the ring of Class 0/I sources, ∼ 0.4 pc. However, this ring is probably not oriented face-on, with its eastern part is closer to the observer and different distances from the probable central source IRS 5 to the boundary of the ring in different directions (see Figure) . The maximum distance between IRS 5 and the inner boundary of the ring in the southern direction is ∼ 0.4 pc [12] , which is twice the radius estimated in [13] . The average of these two radius estimates, 0.3 pc, is given in the table as an observed radius of the ring, R f rag .
To be compared with the time at which gas in the layer becomes gravitationally unstable and splits into fragments (t f rag ), the corresponding dynamical age of the HII zone (t dyn ) is given in the table. This was calculated from the standard expression for the time dependence of the radius of an H II zone [24] for a given luminosity and density:
where R s is the radius of the Strömgren zone which depends on the source luminosity and the density of the medium (e.g. [13] ), and c II is the sound speed of the ionized gas, taken to be 11 km/s [13] . The condition t dyn > ∼ t f rag is satisfied in the calculations.
The ranges of the peak column densities and masses calculated from the dust continuum observations are given in the table as the observed values of N f rag and M f rag . The standard gas-to-dust mass ratio, equal to 100 [12] was adopted. Variations of these values are more likely related to density variations in the gas into which the HII zone is expanding. Variations of the gas-to-dust mass ratio in clumps (Section 5) could also be a possible reason. The observed separations between fragments (2r f rag ) lie in the range indicated in the table due to probable density variations and projection effects. It is possible that the separations between the western clumps 7, 8 and 9 depend on these factors to a lesser extent. The observed clump sizes (0.02-0.11 pc) and masses are typical for low-mass star forming regions, but there are several indications that the formation of stars with masses higher than a solar mass is occurring in the eastern part of the ring [12] .
A comparison between the observed parameters of the clumpy ring and the two sets of model parameters (see the table) shows that the model with higher luminosity fits the observations better. According to the model estimates, in both cases, the density of the medium into which the HII zone expands considerably exceeds the value usually adopted as a standard for neutral gas surrounding HII zones (∼ 10 3 см −3 ). A better agreement between the model estimates of the masses and the separations of the fragmetns can be achieved if a lower temperature is adopted for the medium (∼ 10 K). The density of the medium is not appreciably changed in this case. The small excess of the observed radius and column density of the layer over the model estimates (see the table) could be connected with the evolution of these parameters during the time that has passed since the onset of fragmentation in the layer.
DISCUSSION
The structure of the W40 dense core probably formed due to the influence on the neutral material of two HII zones whose main driving sources are IRS 1A South and IRS 5 ( Figure, left panel). There is a cluster of sources near IRS 1A South. Two of these sources (IRS 2B, IRS 3A) are massive B4 and B3 stars, respectively [5] . The main H II region to the west 7 is bounded by dense molecular gas and is more extended in the eastern direction [13] . Its emission overlaps with emission of several compact H II zones (the figure, left panel; Fig. 10 from [13] ). The HII zone around IRS 5 is located to the northwest from the main zone, has a more or less circular morphology, and is probably a distinct region. The morphology of the ionized gas shows that, even taking into account possible projection effects, it is not possible to explain the formation of the ring due to the influence of the main HII zone, since its main driving source, IRS 1A, is located to the east of the ring. Alternative mechanisms for triggered star formation such as, radiation-driven implosion, are unlikely be able to explain the formation of the observed ring-like structure with regularly spaced clumps.
As model calculations show (e.g. [25] ) radiation-driven implosion can form globules of elongated (cometary or pillar-like) form that are associated with already existing inhomogeneities in the medium. Star formation occurs at their front edges (facing the star). Moreover, this mechanism predicts the existence of velocity gradients inside the globules [26] , which are not observed in the clumps forming the ring-like structure in W40. Nevertheless, radiation-driven implosion could take place at the outer boundary of the eastern branch of the ring, where the morphologies of the ionized gas (according to observations with high spatial resolution), dust and dense molecular gas are similar. The line-of-sight velocities of the gas associated with the eastern clumps differ from the velocities of the remaining gas in the region, and this gas is contracting [12] . Therefore, the collect and collapse mechanism seems to be the most probable reason for the formation of the ring if the luminosity of IRS 5 is higher than the estimate of [13] and the medium where ionization front propagates has a high density.
The observed scatter of the clump masses, column densities, and separation could be associated with density variations in the medium around IRS 5. The scatter in the clump separations could be connected with both density variations and projection effects.
Note that clump masses and column densities were calculated in [12] using dust continuum observations. The gas-to-dust mass ratio was taken to be 100. It cannot be ruled out that this ratio could vary in the dense gas near an HII zone. For example, the HCN, HCO + , CS and 13 CO molecular emission is detected inside the region bounded by the ring, where the dust emission is considerably reduced [11, 12, 23] . It is shown in [27] that spatial fluctuations of the dust density in turbulent clouds can occur independently of gas-density fluctuations on scales compared with the sizes of protostellar cores.
It is possible the level of turbulence of the medium increases as shock propagates, leading to spatial fluctuations in the gas-to-dust abundance ratio. [12] . In addition to the optical depth effects this could be related with different levels of turbulence in the gas that emits effectively in these lines. Thus, it is possible that the gas with higher level of turbulence emitting in the CS, HCN and HCO + lines and spatially uncorrelated with the clumps could have a lower dust abundance. The hypothesis that there may be a relation between turbulence and spatial fluctuations of dust abundance close to HII zones need to be studied further, using both independent observational estimates of gas and dust abundances and model calculations.
CONCLUSION
We have carried out a comparison of the observed parameters of a ring-like structure consisting of low-mass clumps in W40 and estimates produced using the collect and collapse model [14, 20] . The physical parameters of the clumps were taken from [12] . This comparison
shows that parameters such as the radius of the ring, the masses and gas column densities in the clumps, and the separation between clumps are close to the model estimates if the density of the cloud into which the HII zone expands is fairly high ( > ∼ 10 5 см −3 ) and the luminosity of the source driving the HII zone exceeds the previous estimate [13] . Thus, W40
can be considered an example of the realization of the collect and collapse mechanism at a relatively small distance from the source in a high-density medium. The observed scatter of the physical parameters of the clumps could be associated with density inhomogeneities in the medium where ionization front propagates, and also with projection effects and turbulence of the medium that results in fluctuations of the gas-to-dust mass ratio. shown as small squares [5] . Compact VLA radio sources [9] are shown as larger circles in the left panel. Class 0 and Class I sources [11] are marked by smaller circles and triangles, respectively (left panel). The driving source of the main HII zone, IRS 1A South, and the source of the separate H II zone, IRS 5, [5] are shown as stars. 
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